A therosclerosis is one of the most common causes of death and disability worldwide. 1 Because it is more common in the elderly population, its public health impact will continuously increase with growing life expectancy. Several genetic and environmental risk factors have been identified to be associated with atherosclerosis and 2 of its most deleterious clinical manifestations myocardial infarction and stroke.
≈42 000 individuals, identified 3 genomic regions associated with CIMT. 12 Independent subsequent studies managed to replicate results of the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) meta-analysis. [13] [14] [15] [16] We conducted a genome-wide linkage analysis in 132 nuclear families participating in the BN-IMTFS 17 (Bonn IMT Family Study) to gain more insight into the genetic basis of common CIMT. In this study, we also made use of positive aspects of both linkage and association analyses. 18 This is the first study investigating common CIMT in the genetically homogenous German population. 19 We have chosen the single parental proband sibpair design 20 for ascertainment of families, which has been used before for studying common CIMT. 9 Independent subsequent replication was performed with the population-based cohort provided by the HNR (Heinz Nixdorf Recall) Study. 21 
Methods

Subjects
For both studies, recruitment of participants was approved by the respective local ethics committees. All participants provided written informed consents, and studies were conducted in accordance with the Declaration of Helsinki.
The BN-IMTFS has been described in detail elsewhere. 17 In brief, index cases of 154 families (28% female, median age 64 years) with a clinical manifestation of atherosclerosis (stroke, transient ischemic attack, and coronary heart disease) were recruited at the University Hospital Bonn, Germany. For study inclusion, index cases had to be ≥30 years and had to show either a plaque score beyond the ageadjusted 90th percentile of the study's normative data or stenosis of the carotid arteries. Spouses of index cases and their children were contacted and examined.
Subjects from the HNR Study 21 were used for replication. In short, the baseline examination (2000) (2001) (2002) (2003) included 4814 participants aged between 45 and 75 years from the 3 German cities of Bochum, Essen, and Mülheim/Ruhr. Because CIMT measurements were not a mandatory part of the original study protocol, 2471 participants with available phenotype and genotype information and without known coronary artery disease were analyzed as an independent replication sample.
Measurement of CIMT
Details of the CIMT measurement are described in Methods in the online-only Data Supplement. In BN-IMTFS, CIMT was measured by high-resolution B-mode ultrasonography using a SonoSite 180 with a linear 5-to 10-MHz broad spectrum probe. Mean CIMT in the analyzing sample was 0.76±0.20 mm. In HNR, ultrasound images were obtained at the left and right common carotid artery by Vivid FiVe, GE Ultrasound Europe, with a linear array 10-MHz scan head. Mean CIMT in the analyzing sample was 0.71±0.16 mm.
Genotyping and Quality Control
From the initial BN-IMTFS, 17 DNA was available from 132 nuclear families. In total, 546 individuals were genotyped using the Affymetrix GeneChip Human Mapping 250K Sty Array. In HNR, subjects were genotyped with Illumina Omni1, OmniExpress, and HumanCoreExome B BeadChip arrays. For further information, see Methods in the online-only Data Supplement.
Baseline characteristics of both study samples are shown in Table 1 . Baseline characteristics for index cases, spouses, and offspring are provided in Table I in the online-only Data Supplement.
Statistical Analysis
For both studies, the phenotype was defined as the residuals from the averaged CIMT adjusted for age and sex and the measured average CIMT. Adjustment was done using fractional polynomials 22 ; see Methods in the online-only Data Supplement. In both studies, an additive mode of inheritance was assumed.
Linkage analysis was performed in the BN-IMTFS data. Multipoint logarithm of the odds (LOD) scores were determined using multipoint engine for rapid likelihood, which allows compensation for linkage disequilibrium between adjacent markers. 23 Linkage evidence was considered suggestive (LOD≥2) or significant (LOD≥3). 24 Here, we report linkage peaks with LOD≥2 and their LOD-1 support intervals. We compared our linkage findings to those of previously reported linkage studies. To this end, we focussed on areas±25 centiMorgan (cM) wide around previously reported LOD peaks ≥2 for varying IMT measures (common, bifurcation, and total CIMT) in different adjustment scenarios. We considered linkage peaks being replicated if we observed LOD scores ≥1.5 in our linkage scan within the interval of the original peak. 25 Associations were tested with the family-based association test using the PBAT framework, 26 as implemented in the SNP & Variation Suite v8 from Golden Helix. Both, the combined linkage and association test (combination test) and the association test assuming presence of linkage (association test) were considered. All single nucleotide polymorhisms (SNPs) with P value <10 -4 (corresponding to a LOD≥3) 27 were listed, and cluster plots were visually inspected. In HNR, replication analysis was performed at the 5% onesided family-wise error significance level for the top 15 SNPs from BN-IMTFS using SNPTEST v2.4.1 with adjustments for 5 principal components. Hommel's method 28 was used to adjust for multiple testing. One-sided pooled P values of BN-IMTFS and HNR were calculated using the inverse normal method. Linkage disequilibrium was assessed using SNiPA on 1000G ph3v5 data set.
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Results
Linkage Analysis
Results of the genome-wide linkage scan for common CIMT are displayed in Figure. LOD scores ≥2 were observed on 30 Using this criterion, linkage can only be excluded for common CIMT to chromosome 18p11.2.
Previously reported linkage results with multipoint LOD scores ≥2 are displayed in Figure. We replicated findings on chromosomes 13 and 14. Wang et al reported suggestive linkage for common CIMT at 94 cM (LOD=2.04, D13S796) and at 99 cM (LOD=2.23, D13S895). 9 Our top LOD score for this particular region was 1.87 at 76.28 cM for a wide region of 69 to 124 cM. On chromosome 14, Sacco et al 10 reported a LOD of 2.3 for maximum total CIMT at 95 cM, and the LOD score was 1.95 for mean total CIMT at 93 cM. For the maximum bifurcation, a LOD of 2.0 was observed at 92 cM (D14S606). 10 Suggestive linkage of D14S606 with common CIMT was also reported in the Framingham Heart Study Offspring cohort 8 (2 point LOD =1.75). At this location, we obtained a maximum LOD of 1.92 at 78.59 cM and a secondary peak at 105.67 cM (LOD=1.70).
Association Analyses
Fifteen SNPs revealed P value <10 -4 in the genome-wide family-based association analyses (Table 2 ; see Figures in the online-only Data Supplement). Eight SNPs located on chromosomes 6 and 9 were identified by the combination test. Two of these SNPs (rs2239658 and rs2416804) were located on chromosome 9 in the tumor necrosis factor-receptor-associated factor 1 gene (TRAF1), while the 4 SNPs on chromosome 6 were clustered within 1.2 kb in the intergenic region separating the HLA genes HLA-DOB and HLA-DQB2. The association test identified 7 SNPs, all located on chromosomes 4 or 9. One SNP (rs1996893) is located in the FRAS1-related extracellular matrix 1 gene (FREM1) on chromosome 9.
One SNP of the top associated SNPs in BN-IMTFS was replicated within the HNR data (see Table 2 ). The smallest P value (1-sided P=1.60×10 -3 ) was observed in the combination test for rs2416804 located in the gene TRAF1 on chromosome 9, which remained significant after adjustment for multiple testing (adjusted P=4.79×10 -2 ; pooled P=6.02×10 -7 ).
Discussion
In this study, we identified and replicated TRAF1 (lead SNP rs2416804) on chromosome 9 to be linked and associated with CIMT (pooled P=6.02×10 -7 ). We additionally identified 2 genomic regions on chromosomes 4 and 17 with suggestive linkage to CIMT, which have not been reported before. Finally, we could replicate previously reported linkage findings on chromosomes 13 and 14.
Our combined linkage and association analysis identified a SNP in TRAF1 on chromosome 9, as well as a cluster of SNPs on chromosome 6. TRAF proteins mediate the signal transduction from receptors of the tumor necrosis factor receptor and were detected in plaques from atherosclerotic lesions. 31 A genome-wide association study and a candidate gene study identified TRAF1 as susceptibility genes for rheumatoid arthritis (RA). 32, 33 RA is associated with increased mortality, largely as a consequence of coronary artery disease. It was, thus, hypothesized that inflammation associated with RA contributes to accelerated atherosclerosis. 34 However, previous candidate gene studies in RA patients did (rs10818488,  35 rs2416808, 36 and rs3761847 37 ; pairwise r 2 with our TRAF1 top hit >0.96 for all) with cardiovascular mortality, 37 nor with CIMT in RA. 35 The latter study was, however, considerably smaller (109 RA patients) than our data set. Our results, thus, need to be validated in further and larger studies.
The 4 hits on chromosome 6 were located closely together between the HLA genes HLA-DOB and HLA-DQB2. These 4 SNPs are located ≈3 kb from rs2857151, a genome-wide hit for Kawasaki disease (KD) in Asian patients. 38, 39 KD is an acute systemic inflammation of blood vessels of unknown etiology, which occurs in young children. 40 Former KD patients might have an increased predisposition to atherosclerosis and endothelial damage. 40 Although still controversial 41 and possibly depending on the magnitude of the coronary artery aneurysm caused by KD, 42 some studies report increased CIMT in acute and healed KD. [42] [43] [44] The linkage analysis for CIMT identified a region on chromosome 4 with the LOD-1 support interval spanning 14 Mb encompassing 74 genes. Some of them, such as IL15 or MGST2, are known mediators of inflammation and, therefore, natural candidate genes. The region additionally contains several genome-wide association study hits, including hits for blood pressure, 45 coronary artery disease, 46, 47 and body mass index. 48 The second linkage hit on chromosome 17 spans ≈1.7 Mb, but does not include any obvious candidate genes.
We replicated previous linkage peaks on chromosomes 13 and 14. The microsatellite D14S606 has been reported by 2 independent research groups. 8, 10 D14S606 is located in an intergenic region with only 2 protein-coding genes in a ±500 kb interval (STON2 and SEL1L). STON2 is a component of the endocytic machinery and is involved in clathrin-coated vesicle endocytosis. 49 STON2 overexpression interferes with low-density lipoprotein receptor internalization, 50 which represents a pivotal player in cardiovascular diseases and atherosclerosis. The second linkage region on chromosome 13 contains TNFSF13B, which is involved in the pathogenesis of RA 51 and lupus erythematosus. 52 Limitations of our study include that the family-based analyses were done with test statistics using the PBAT framework. This approach provides neither point nor interval estimates so that we were not able to perform power or sample size calculations for the independent replication study. Furthermore, the sample size of the BN-IMTFS was limited. However, we have used the single parental proband sib-pair design that has been successfully applied before to identify linkage to CIMT using even fewer families. 9 We have systematically evaluated this study design and showed that it has more power when compared with an unselected sample of families. 20 Even more importantly, we were able to replicate previously reported linkage peaks in this study, although different ultrasound and genotyping technologies were used between studies. Furthermore, our linkage results overlap with findings from other studies that partly used other ethnicities (see Figure; Wang et al, 9 Sacco et al, 10 and Kuipers et al 11 ). Finally, the use of CIMT on a continuous scale could be seen as a limitation because the pathological significance as a marker for atherosclerosis is discussed controversially. 53 A mild thickening of CIMT can be seen as a consequence of a vascular remodeling that might be different from a pronounced thickening in the sense of atherosclerosis. In summary, this study presents the first genome-wide linkage and association study of common CIMT in the German population. We identified rs2416804 from TRAF1 as being linked and associated with CIMT and, in addition, as successfully replicated previously reported linkage findings. The association between TRAF1 alleles and CIMT needs to be confirmed by subsequent larger-scaled studies. Furthermore, a detailed investigation of the underlying functional mechanism is required to biologically validate this finding.
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Supplemental Methods
Measurement of CIMT Details of the CIMT measurement in BN-IMTFS have been described before. 1 Briefly, CIMT was measured by high resolution B-mode ultrasonography using a SonoSite 180 with a linear 5-to 10-MHz broad spectrum probe. CIMT was measured with focus on the far common carotid artery (CCA) wall proximal of the CCA bifurcation with a 45° anterolateral and 45° posterolateral angulation of the probe as well as on the far wall of the mid-CCA from 45° anterolateral. CIMT measurements were done by manually outlining the CIMT over a distance of 10 mm at the respective sites. Average CIMT was calculated by computer software (SigmaScan Pro 5.0). The final CIMT measurements were obtained by averaging these results of the respective sites. Mean CIMT in the analysing sample was 0.76±0.20 mm. In HNR 2 , ultrasound images were obtained at the left and right CCA by Vivid FiVe, GE Ultrasound Europe, with a linear array 10-MHz scan head. The ultrasound images were divided into work packages of 150-200 images to structure the reading process and to allow for continuous QC during the reading process. Inter-and intra-reader variability were assessed using 10 randomly chosen image duplicates within each work package. Differences in measurements of duplicates by the same reader were not allowed to exceed 0.03mm, otherwise the reader were retrained and -certified and the particular work package was remeasured. Side-specific CIMT means were detected over 10 mm on the far wall within the first 10 mm proximal to the bifurcation using the semiautomatic software "Artery Measurement System (AMS) II". For analyses, median CIMT values of the 10 mm region were calculated for each ultrasound image. In the case of multiple images per side, the minimum value was used. Mean CIMT was further defined by the mean CIMT value of left and right side. Mean CIMT in the analysing sample was 0.71±0.16 mm. In our study, we have focused on mean CIMT, which had the highest heritability in the studies of Sacco and colleagues. 3 It is still discussed which CIMT measure (e.g. mean CIMT or maximal CIMT) should be used, but the correlation between mean CIMT and maximum CIMT is high( > 0.9 in HNR). Furthermore, several studies have shown that both mean CIMT and maximum CIMT correlate well and in similar magnitude with other markers of atherosclerosis, so that maximum CIMT and bifurcation CIMT may at least partly have the same genetic basis. The consideration of maximum CIMT and bifurcation CIMT in this study might help to identify loci involved in atherosclerosis.
Genotyping and Quality Control
From the initial BN-IMTFS 1 , DNA was available from 132 nuclear families of German origin. In total, 546 individuals were genotyped using the Affymetrix GeneChip Human Mapping 250K Sty Array. Chips were normalised with CelQuantileNorm 4 and called with CHIAMO++ 5 . The most probable genotype was used if its genotype probability was ≥0.9. Quality control (QC) was performed according to the Framingham Heart Study protocol. 6 In addition, Mendelian error and gender checks were performed on the subject level. In case of a Mendel error in one subject at one SNP, the SNP was considered missing in the entire family. Standard QC was also applied. Subjects with heterozygosity (HET) <25% or >27.5% or a call fraction <97% were excluded. In total, 30 persons were excluded because of the sample QC. SNP quality was checked in the remaining 516 individuals using standard recommendations. 7, 8 SNPs were excluded if they deviated from the Hardy-Weinberg equilibrium (HWE, p<10 -4 ) in spouses of the index case, the minor allele frequency (MAF) <1% or the missing frequencies (MiF) >2% either in index cases or their spouses. After application of all QC criteria, 171,792 SNPs of the initial 230,524 SNPs were available for further analyses. The degree of population stratification was assessed by calculating the genomic inflation factor which was <1 in the family data, indicating that adjustments for population structure were not required (see Supplementary Figure I) . In HNR, subjects were genotyped with Illumina Omni1, OmniExpress and HumanCoreExome B BeadChip arrays. LiftOver 9 was used to convert Omni1 coordinates to reference build hg19. QC was performed separately for all chips before imputing each chip using IMPUTE v2.3.1 10 based on the reference sample 1000 Genomes Phase 3, October 2014. First, QC was performed on subject level including sex-, ethnicity-and relatedness-checks. Subjects were excluded if HET >5 standard deviations of the mean, >5% missing genotype data and outliers identified by principle component analysis. After these quality checks, the analysis cohort consisted of 2471 subjects. SNPs were excluded with MAF <1%, MiF >5% or deviation from HWE (p<10 -5 ). We provide a plot contrasting the first against the second principle component of the used sample (see Supplementary Figure II) . The genomic inflation factor was λ=0.998. Baseline characteristics of both study samples are shown in the manuscript in Table 1 . Baseline characteristics for index cases, spouses and offspring are provided in Supplementary Table I .
Fractional Polynomials
Fractional polynomials belong to the class of non-linear parametric regression models. 11 For the modelling of continuous variables, they are a useful alternative to conventional polynomials or non-parametric smoothing procedures. They are very flexible and not very sensitive against local disturbances. In addition, they can be fast and easily adapted. and . = 1, . = 0. A fractional polynomial of the degree has 2 degrees of freedom, one degree of freedom for each (with exception of . ) and one degree of freedom for each exponent .
It turned out that fractional polynomials of the degree ≤ 2 considerably improved the adaption of the data in comparison to conventional polynomials so the models of higher degrees are infrequently required. Therefore, they are not considered here. Tables   Table I. Baseline characteristics 
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